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SYNOPSIS
This paper presents one phase of a major research
program designed to provide information on the behavior and
design of joined structures under low-cycle fatigue. This
paper reports on a detailed study of the fatigue crack
propagation process in the A5l4 steel base plate, heat
affected zone and weld metal. These data are evaluated in
terms of fracture mechanics concepts.
In the early studies of this phase, several
variables of potential importance in the fatigue process
were examined. It was observed that fatigue crack
propagation in A514 steel is strongly dependent upon the
stress intensity factor range and only moderately dependent
upon the maximum stress intensity level over a range of A =
. Krnax1.0 - 4.0 where A =~. The growth rate is independent
of specimen thickness (up to one inch). Fatigue crack
propagation rates were determined in A5l4F and A5l4J steel
in the RW and WR orientations. No directionality in fatigue
behavio~ was noted in A514F while A5l4J did exhibit some-
what faster crack growth in the WR direction as compared to
that observed in the RW direction. The above results are
consistent with data previously published for other materials.-
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A particularly striking effect was noted in
crack propagation studies of A514F steel containing
weldments. Fatigue crack propagation rates in transverse
weld metal and the heat affected zone were substantially
less than in the base metal. For example, at a stress
intensity level of 40,000 psi in., the fatigue crack
propagation rate in the weld metal was almost an order of
magnitude less than that displayed by the base plate. Growth
rates in the three metallurgically distinct regions tended
to converge at large stress intensity levels. After a heat
treatment of 110QoF for one hour, the crack growth rates in
the HAZ and weld metal increased significantly and were then
comparable to the growth rate in the base plate. Stated
differently, the dependence of crack growth rate on the
stress intensity level in the weld metal and HAZ decreased
as a result of the heat treatment. Heat treatment of the
base plate did not affect fatigue behavior. Similar results
were found in fatigue studies of longitudinal welds though
the magnitude of growth rate differences was considerably
less than was observed in the transverse welds. Again, heat
treatment eliminated the major differences in crack growth
in the different weld regions. These results are discussed
with reference to residual stress.
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1. INT~ODUCTION
When formulating the experimental program for a
study of the fatigue behavior of a material, it is
important at the outset to establish the relative importance
of the initiation and crack propagation stages in the fatigue
life of a component. It has been well established that in
many engineering applications where metallurgical and/or
manufacturing flaws are present, the crack propagation stage
is dominant in the fatigue process. This is particularly
true under conditions of high stress resulting in a relatively
small number of cycles to failure. Consequently, the main
thrust of the following remarks will deal with an evaluation
of the fatigue crack propagation behavior of ASTM type A514
steel and the effect of welding upon the fatigue crack
propagation process.
While most of the earlier studies of fatigue
crack propagation were performed with aluminum alloys,
thereby eliminating a direct comparison of these results
with the present investigation, these earlier results did
isolate the main variables affecting fatigue crack
propagation. Most of the earlier crack propagation laws
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described the crack growth rate as being related to some
function of applied stress· and crack length. (1-7) . In 1963
Paris and Erdogan(8) presented a comprehensive compilation
of fatigue crack propagation data and showed that the
fatigue crack growth rate was strongly dependent upon
changes in the stress intensity factor range. Hence, the
concepts of fracture mechanics which have contributed much
to the understanding of static fracture can also be used in
evaluating the response of a material under cyclic loading.
Compiling the results of several investigators who looked
at the response of both ferrous and non-ferrous materials,
Paris and Erdogan(8) showed that the fatigue crack growth
rate could be described by the following relationship,
~~ = C~Kn, where a is crack length, ~K is stress intensity
factor range C, n are material constants. In their earlier
studies they found the exponent "n" to be equal to 4. It
is noted that the fatigue crack propagation rate is
primarily a function of the stress intensity factor range
·1
with all other variables being combined in the constant
term. For a more accurate evaluation of the fatigue response
it is obviously necessary to incorporate in any given formula.
as many of the variables as possible. In attempting to
arrive at a more comprehensive relationship, Forman, Kierney
and Engle(9) ha~ proposed a relationship of the following
form:
358.7
da AmliKn
dn =
-XAKK
c
where A Kmax== LrK
Krnax = maximum stress intensity factor
K = fracture toughnessc
m,n = material constants
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It is to be noted that this relationship includes the stress
intensity factor range, 6K, a measure of the maximum stress
intensity factor,A= ~~x , and an evaluation of the material
fracture toughness in the previous relationship incorporates
the role of metallurgical factors. At low growth rates
associated with low stress intensity conditions it has been
found that metallurgical factors exercise only a secondary
effect on fatigue crack propagation. This observation was
found by weber(lO) for the case of austenitic stainless
steel and 70-30 type brass, by Heiser (11) for the case of
banded steel and by Miller(12) for the case of 4340 steel.
However at high stress intensity factor values associated
with much higher growth rates, the metallurgical structure
plays an important role in the fatigue process as shown
by Miller(12) and Heiser. (11) It has been argued that
the increasing importance of metallurgical effects at higher
stress intensity factors is associated with the increasing
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amount of unstable crack extension caused by locallized
fracture of inclusions. It is to be noted that the rapid
increase in fatigue crack propagation rates at high stress
intensity levels can be predicted by the Forman et ale
relationship under conditions where the maximum applied
stress intensity factor approaches the material fracture
toughness level.
As mentioned above, the most important variable
in the fatigue crack propagation behavior of a material
has been shown to be the stress intensity factor range.
The influence of mean stress on fatigue crack has also been
investigated. Frost(13) and Yokabori et al. (14) found
that the effect of mean stress upon fatigue crack propagation
in steel alloys was of second order importance. However,
since these tests were performed at relatively low stress
levels, they do not assess the influence of high mean stress
levels which approach the fracture toughness level of the
material. It is to be expected that the mean stress level
should playa more important role under these conditions.
The effect of environment on fatigue crack growth
has been the subject of recent reviews by Achter,(15)
Johnson and Paris, (16) and Wei. (17) For the case of a
358.7
material sensitive to environment, stress corrosion
cracking can play an important role ~n fatigue at
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intermediate stress levels where K is larger than
max
K and where the crack propagation time is sUfficiently
I
sec
long.
In a recent review article, McMillan and
Hertzberg(18) summarized the important role of electron
fractographic observations in fatigue studies. They showed
that fatigue striations found on fatigue fracture surfaces
are a source of considerable quantitative information.
While extensive use of fractography has been made in studies
of non-ferrous alloy fatigue behavior, it is unfortunately
far more difficult to develop similar data for ferrous
materials since fatigue striations are not nearly as easily
resolved on steel fracture surfaces as they are in aluminum
alloys.
The objective of this program is to evaluate the
fatigue response of welded structures. Since welded
components almost always contain metallurgical flaws
resulting from the welding process, and since the welded
structures of interest are subject to relatively few cycles
at high stress levels, the point of view taken in this
358.7
investigation will be that the fatigue crack propagation
stage is dominant.
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The fatigue crack propagation behavior of type
A514 steel will be examined as a function of specimen
thickness, mean stress at both low and high crack growth
rates, specimen orientation with respect to the rolling
direction, and in the presence of weldments. In the latter
case, fatigue crack propagation studies will be performed
in welded panels where the fatigue crack will be made to
grow both across the weld (longitudinal weld) and along
both of the weld metal and the heat affected zone,
(transverse welds).
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2. EXPERIMENTAL PROCEDURES
2.1 Weld Preparation
Four welded plates were prepared from 3/4 inch
thick plates of T-l steel. All weldments were made by a
Metal Inert Gas process using 60 degree joints. The filler
metal used was AIRCO AX-90. Longitudinal plates having
dimensions of 6" x 18" x 3/4" with the weld running
parallel to the long direction were welded with five passes
of the filler metal. The heat input for these passes
~anged from 35 to 42 Kj/inch. Transverse plates having
dimensions of 18" x 14" x 3/4" were welded in the long
direction in eight passes with heat inputs varying from
22 to 56 Kj/inch. During the welding process all weld
passes were allowed to cool in air approximately 1 1/2
hours before the next pass was made.
2.2 Specimen Preparation
The fatigue crack propagat,ion studies were performed
on single edge notch specimens 12 11 x 3 11 X 1/8" with 3/4"
loading pin holes, Fig. 1. Specimens .061, and .266 inches
thick were also prepared for determination of thickness effects.
358.7
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Notches were introduced to the specimen· with a machine saw
cut followed by a jeweler's saw cut., The total length of
the starting crack was approximately 3/8".
Specimens containing weldments were prepared
from panels obtained by slicing the original plate in half
along the mid-thickness plane. For the studies involving
crack propagation entirely in one region (for example
along the weld metal on HAZ) specimens were prepared from
the transverse plates such that the weld was perpendicular
to the long direction of the specimen. For longitudinal
samples where a crack propagates across different metallurgical
structure, specimens were prepared from the longitudinal
plates with the weld parallel to the loading direction.
2.3 Experimental Testing
~atigue crack propagation tests were performed on
an MTS machine at a frequency of lOcps. With the aid of a
travelling microscope, the instantaneous crack length was
recorded with respect to the corresponding number of cycles
applied. These data along with ,applied loads and dimensional
data were subsequently analyzed with the aid of a CDC 6400
computer.
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2.4 Fractographic Techniques
Electron fractographic techniques were applied
to the fatigue fracture surfaces. Samples suitable for
viewing on the electron microscope were prepared by the
two stage replication technique. Fractured surfaces were
cleaned in acetone and then firmly covered with an acetone
softened strip of cellulose acetate. After drying, the
tape was stripped off, placed on a slide face up, and
shadowed in a vacuum using platinum carbon pellets as the
shadowing material. A layer of carbon, 400-500 Angstroms
thick, was then deposit~d upon the shadowed replica. These
samples were then cut into approximately 1/8" squares and
placed in an acetone bath where the cellulose acetate
replica was allowed to dissolve. The carbon films with the
shadowing material were mounted on 200 mesh grids for
examination in the electron microscope.
Viewing of the replicas was done with an RCA
EMU-3G electron microscope. Photomicrographs were taken
of various specimens at magnifications ranging from 5,400X
to 35,OOOX.
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3. EXPERIMENTAL RESULTS AND'DISCUSSION
In the initial studies of this phase of the
overall program, a pilot study was initiated to examine
several variables that might affect the fatigue crack
propagation behavior ofA514 steel with and without welds.
It will be shown in the following comments that while some
variables are of only mild importance other factors
contribute significantly to the fatigue behavior of the
material.
3.1 Effect of Specimen Thickness on Fatigue Crack propagation
To examine the effect of specimen thickness on
fatigue crack propagation in type A514J alloy steel, fatigue
studies were performed on panels of 0.061, 0.126, and 0.266
in. thickness. In all cases the crack was oriented normal
to the rolling direction of the panel. As shown in Fig. 2,
there was no observed effect of thickness on crack
propagation rate. One may conclude from this observation
that the crack propagation rate was independent of any
I '
metallurgical variation associated with the specimen
thickness and/or that the fatigue crack propagation rate
was independent of the relative size of the plastic zone
358.7
with respect to the sheet thickness for the range of
thickness examined.
with the crack oriented parallel to the rolling
direction of the panel, fatigue crack propagation rate in
1/8" thick type A514F steel was similar to that observed
by MCHenry(19) in 111 thick panels. Therefore, in a range
of .06 to 111 thick panels there was no observed effect of
thickness on fatigue crack propagation in A514 steel.
3.2 Effect of Mean Stress on Fatigue Crack Propagation
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To evaluate the effect of mean stress on fatigue
crack propagation in type A5l4J the fatigue crack propagation
rates were determined as a function of the A value, a
parameter defined as the ratio of the maximum stress
intensity factor to the stress intensity factor range. The
data given in Fig. 3 show the material response as a function
of A over a range of 1.07 to 4.3. It was found that the
data could best be portrayed by two straight line segments
in a log stress intensity factor range -- log growth rate
plot. It is not clear whether such a discrete discontinuity
should exist based upon either continuum or microscope
considerations. Nevertheless, it is possible to treat the
growth rate data from each linear segment as
358.7 -12
where C, ro, n = material constants.
In the linear segment at lower growth rates
the estimated values of m and n are 0.4 and 2.4, respectively,
while in the upper segment of the data the m and n values
are higher. These exponent values reveal that while fatigue
crack growth rates are very sensitive to 8K there is less
dependence on K
max
or K
mean
For example, a four-fold
increase in the stress intensity factor range can effect a
thirty-fold increase in the fatigue crack propagation rate
whereas a four-fold increase in the ~ value gives rise to
less than a factor of 2 increase in the fatigue crack
propagation rate. The greater dependence of K on growth
max
rate at high K levels, may be related to a greater degree
of local cracking of inclusions during the fatigue process.
Consequently the fatigue process at high stress intensity
levels may consist of a summation of a pure fatigue process
combined with local static fracture associated with broken
inclusion particles.
3.3 Effect of Specimen Orientation on Fatigue Crack
Propagation
To determine the extent of metallurgical
358.7
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anisotropy upon fatigue crack propagation, panels were
prepared such that fatigue. cracks were grown both parallel
and perpendicular to the sheet rolling direction. In Fig.
4 it is seen that no directionality effect was observed in
A5l4F material. The fatigue crack propagation rates were
identical with the crack traversing both parallel and
perpendicular to the rolling direction. In A514J material,
it was observed that fatigue crack propagation was faster
when the crack traversed parallel to the rolling direction.
This effect was negligible at low stress intensity levels
but did produce higher crack growth rates at the higher
stress intensity levels. For example, at a stress intensity
range of 50,000 psi in the fatigue crack propagated twice
as fast when running parallel to the rolling direction than
when it was oriented perpendicular to the rolling direction.
As mentioned in the previous section, local fracture of
oriented inclusions could have given rise to the faster
growth rate when the crack was oriented parallel to the
rolling direction. Since multiple tests were not conducted
to evaluate the role of crack orientation with respect to
the rolling direction, it is not possible to conclude that
the A5l4F materials was definitely superior in transverse
behavior to that in the A5l4J material. More testing would
be necessary to'validate this point. In any case, the factor
358.7
of two different in growth rate observed at high K levels
in this study is not considered to be a major effect and
suggests the metallurgical effect of crack plane to ~e
of second order importance.
3.4 Effect of Weldments on Fatigue Crack Propagation
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Having determined the role of specimen thickness,
mean stress, and specimen orientation on fatigue ,crack
propagation of the base metal, it was possible to evaluate
the effect of weldments on fatigue crack propagation in
theA5l4F material. Tests were conducted with both
longitudinal and transverse welds.
Crack propagation rates in the heat-affected
zone and weld metal in transverse welds were considerably
different than that displayed by the base metal. In Fig.
5, it is seen that fatigue crack propagation in the weld
metal was substantially less than in the base metal. This
effect was most pronounced at low stress intensity levels;
for example, at a stress intensity level of 40,000 psi
in the fatigue crack propagation rate in the weld metal
was almost an order of magnitude less than that displayed
by the base metal. It was observed that the relative
advantage of the weld metal over the base metal tended to
358.7
be eliminated at the higher stress intensity levels.
Stated in another way, the ·power dependence of the growth
rate on stress intensity range was much higher in the weld
metal where n 4.6 than in the base metal where n 2.4.
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As shown in Fig. 6, a similar observation was
found with respect to fatigue crack propagation in the
heat-affected zone as compared to the base metal. Here
again, fatigue crack propagation rates were considerably
lower in the heat-affected zone than in the base metal,
especially at low stress intensity levels. It is possible
that the marked superiority of the heat-affected zone and
weld metal in the transverse specimens was due to some k~nd
of favorable residual stress pattern associated with the
welding process and the subsequent machining procedure to
produce the specimens. If, indeed, the marked superiority
of the heat-affected zone and weld metal at low crack growth
rates was due to a residual stress effect, it had to be of
a compressive nature. It is not clear at this time how
such a favorable residual stress pattern could have been
produced. It is important to note that an argument based
on residual stresses supports the observation that the
heat-affected zone and weld ,metal lose their superior fatigue
behavior at high stress intensity levels. This would be
358.7
associated with the residual stress pattern being swamped
by the much higher stress intensity level being applied.
-16
To test the supposition that a favorable residual
stress was present in the weld and heat-affected zones in
transverse specimens, duplicate samples were subjected to
a stress relief heat treatment of one hour at llOQoF. As
a control, a specimen containing only the base metal was
also subjected to a one hour 11000F stress relief heat-
treatment. As shown on Figs. 5 and 6, the heat treatment
did not alter the fatigue response of the base metal. On
the other hand, the marked low crack growth rate superiority
of the weld and heat-affected zones was almost eliminated
by the heat treatment. Since metallurgical changes
resulting from the heat treatment were not likely to alter
the fatigue response of the material to the extent observed,
it may be concluded that the heat treatment did remove a
favorable residual stress pattern in both the weld metal
and the heat-affected zones.
One additional parameter was evaluated with
respect to fatigue crack propagation in transverse welds.
Crack propagation studies were conducted with the crack
propagating both upstream and down stream with respect to
the solidification direction in the welding process. No
358.7
effect on fatigue crack propagation rate was observed for
-17
this variable. It is possible that the multi-pass welding
process eliminated or at least minimized the possibility
of anisotropic effects due to the solidification process.
Since the transverse weld fatigue test results
have led to some suprising conclusions concerning the nature
of. the residual stress patterns in the welded plate, additional
tests are planned to verify the reproductibility of these
findings. In addition, it has been suggested by Coffin(20)
that the observed difference in fatigue behavior between the
base metal HAZ and weld metal could be the result of strain
aging effects. This possibility will also be explored.
For longitudinal welds the response of the various
metallurgical structures in the welded specimen (that is,
the base metal, heat affected zone and weld metal) to cyclic
loading was evaluated by fatigue tests which were conducted
at a constant stress intensity factor range; therefore, as
the crack traversed the three metallurgically different
regions of the specimen it was possible to observe the crack
extension rate under the same stress intensity condition.
Recalling that one-eighth inch test panels were machined from
the top and bottom multiple pass one-inch plate, fatigue tests
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with longitudinal welds were performed with both top and
bottom plates. with a top plate speqimen, at a stress
intensity range of 70,000 psi in the growth rate in the
base metal was approximately 50 percent greater than that
of the weld metal. At 60,000 pis in, the growth rate in
the base metal was about twice that in the weld metal. In
both cases, the crack growth rate in the weld metal was
higher than that observed in transverse welds for comparable
stress intensity levels. As the crack traversed the heat
affected zone, considerable scatter was observed in the
fatigue crack propagation rate at both 60,000 psi in and
70,000 psi in. The results did reveal that fatigue crack
propagation in the heat-affected zone was roughly 50 to 100
percent higher than in the base metal.
To examine whether the slower crack growth rate
in the weld metal and the scatter in test results in the
HAZ were due mainly to a residual stress effect as suggested
in the transverse weld studies, an additional fatigue test
of heat treated material were conducted. At a constant.~
stress intensity range of 60,000 psi in, the one hour
110QoF heat treatment increased the crack growth ·rate in
the weld metal from 1.25 - 1.50 ~ 10-5 in/eye. to 2.50 x
10-5 in/eye. in the base metal. In addition, the scatter
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of fatigue results in the heat affected zone was essentially
eliminated as a result of the heat ~reatment. Though only
one test of heat treated material with a longitudinal weld
W~S conducted, the results suggest that residual stress
effects may 'have contributed to the fatigue crack
propagation process. For the case of the longitudinal
welds, the residual stresses parallel to the applied stress
direction appear to be of a compressive nature in the weld
metal and tensile in the heat affected zone.
Longitudinal fatigue. tests were also performed
in top and bottom plates at a constant stress intensity
range of 30,000 pis in. While the growth rate in the weld
metal was again lower than in the base metal, the crack
propagation rates in the three regions were observed to be
approximately five times larger than expected on the basis
of previous results (Figs. 5,6). At the present time, it
is not possible to explain this discrepancy. More tests
are being planned to explore this question.
3.5 Effect of Environment on Fatigue Crack Propagation
To determine the possible effect of water,
fatigue crack propagation studies were carried out in both
air and in water in A514J base plate and in AIRCO AX-90
weld metal. In both cases no effect was observed of water
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on fatigue crack propagation (Fig. 7). The relative humidity
in air for the AIRCO AX-gO study was 65 percent which suggest
that this level is equivalent to a saturated condition in
terms of moisture effects on fatigue crack propagation. (17)
Since all fatigue tests were conducted in a relative humidity
range of 35 - 80 percent, the preliminary results suggest
that humidity variations in testing conditions from day to
day probably plays a relatively minor role in the fatigue
crack propagation process.
3.6 Fractographic Observations
An evaluation of fractographic features of the
fatigue fracture surfaces was started. As expected,
relatively few areas of clearly defined fatigue studies
were observed. The spacing between these striations were
recorded and compared with the associated macroscopic
fatigue growth rate. As shown in Table I, there is general
agreement between the two growth rate measurements. More
fractographic studies are planned to establish this
correlation with greater confidence.
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4. SUMMARY
This paper reports on a detailed study of the
fatigue crack propagation process in A514 base plates,
heat-affected zone, and weld metal. Several variables of
potential importance in the fatigue process were examined.
It was observed that fatigue crack propagation in A514 steel
was strongly dependent upon the stress intensity factor
range and only mode~ately dependent upon the mean stress
intensity level. In addition, the growth rate-was ind~pendent
of specimen thickness (up to one inch). The above results
are consistent with data previously published for other
materials.
A particularly striking effect was noted in crack
propagation studies of A514F steel containing weldments.
Fatigue crack propagation rates in transverse weld metal and
the heat affected zone were substantially less than in the
'base metal. For example, at a stress intensity level of
40,000 psi in., the fatigue crack propagation rate in the
weld metal was almost an order of magnitude less than that
displayed by the base plate. Growth rates in the three
metallurgically distinct regions tended to converge at large
stress intensity levels. After a heat treatment at llOOoF
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for one hour, the crack growth rates in th~ HAZ and
weld metal increased significantly and were then
comparable to the growth rate in the base plate. Heat
treatment of the base plate did not affect fatigue behavior.
It was concluded that a favorable residual stress was present
in th- stress direction in both HAZ and weld metal regions
of transverse weldments.
Residual stress effects were also indicated in
fatigue studies of longitudinal welds. The magnitude of
this effect was considerably less than was observed in the
transverse welds. Again, heat treatment eliminated the
major differences in crack growth rate in the different
weld regi9nso
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5 • NOMENCLATURE
da
dn
K
AK
Kmax
Kc
C,m,n
crack growth rate, inches/cycle
stress intensity factor, psi in
stress intensity factor range (Kmax-Kmin) psi in
maximum stress intensity factor, psi in.
plane stress fracture toughness, psi in.
ratio of KmaxL\K
material constants
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TABLE 1
Fatigue Crack Growth Rate Measurements
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Specimen L\K Macro Micro Structure
13 30KSi in -6 -6 Weld Metal7xlO in/eye 9.3xlO in/eye
30 7xlO- 6 -6 HAZ9.3xlO
30 8xlO- 6 -6 Base Metal6.8xlO
60 3xlO- 5 -5 Base Metal4.3x10
16
19
28.5
38
30.8
39.6
-65.6xlO
-67.7xlO
9xlO- 6
1.2xlO-5
Base Metal(Long)
Base Metal(Long)
Base Metal(Trans}
Base Metal(Trans)
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Fig. 1 Goemetry of Single Edge Notch and Compact
Tension Fatigue Specimens. Dashed lines
represent relative position of weld metal.
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Figa 3 Effect of A (Kmax/AK) Upon Fatigue Crack
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Fig. 4 Fatigue Crack Propagation in AS14 Steel
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Fig. 5 Comparison of F~tigue Crack Propagation Behavior
Between Transverse Weld Metal (AX-gO) and Base Plate
(h514F) in Heat-treated and Unheat-treated Conditions.
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Fig. 6 Comparison of Fatigue Crack Propagation Behavior
Between HAZ and Base Plate (A514F) in Heat-
treated and Unheat-treated Conditions.
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